Abstract-We studied 31 subjects with severe leg ischemia and 29 age-matched nonischemic control subjects to compare preamputation assessments of leg ischemia using laser Doppler imaging (LDI), transcutaneous partial pressure of oxygen (TcPO 2 ), and transcutaneous partial pressure of carbon dioxide (TcPCO 2 ). TcPO 2 and TcPCO 2 were evaluated with Novametrix Medical Systems, Inc, monitors (Wallingford, Connecticut) and perfusion (flux) of skin topically heated to 44°C, and adjacent nonheated areas were evaluated with a Moor Laser Doppler Imager (Moor Instruments, Ltd; Devon, England). LDI flux of heated areas, its ratio to nonheated areas, and TcPO 2 (not TcPCO 2 ) were lower in ischemic subjects than in control subjects. LDI flux ratio performed better than TcPO 2 in identifying ischemia, with fewer false positive and false negative results. Moreover, LDI flux of heated skin detected a proximal to a distal gradient of perfusion in ischemic subjects, while TcPO 2 did not. LDI was superior to TcPO 2 in discriminating correctly between ischemic and nonischemic skin. The results suggest that an LDI ratio below 5 indicates nonviable skin.
INTRODUCTION
Ischemia caused by peripheral vascular disease (PVD), with or without diabetes mellitus, accounts for the majority of lower-limb amputations [1] [2] . Each year, over 150,000 persons in hospitals nationwide undergo amputations because of PVD or diabetes [3] . Although the standard of practice in most institutions is to assess limb perfusion through physical examination and clinical judgment, development of quantitative measurements of perfusion remains a desirable objective because perfusion determines the degree and progression of the pathological process that can lead to amputation. Distal amputations usually improve functional rehabilitative outcomes with prostheses, but this principle must be weighed against the fact that amputation through adequately perfused tissue at a proximal level accelerates healing and prevents revisions [4] [5] . Thus, for one to establish the ideal amputation level, a perfusion-based methodology is needed that can accurately determine the boundaries between those tissues that cannot potentially heal and those that can heal uneventfully.
Because assessment of local perfusion in limb ischemia poses a significant challenge, a number of methodologies have been proposed. The TransAtlantic Inter-Society Consensus identified transcutaneous (Tc) partial pressure of oxygen (TcPO 2 ), radionuclide scans, laser Doppler, and capillary microscopy as useful adjuncts in assessing critical limb ischemia but provided diagnostic guidelines only for TcPO 2 [6] . TcPO 2 was originally designed to monitor blood gases in neonates [7] , but local blood flow was soon found to be a limiting factor in achieving equilibrium between blood PO 2 and skin PO 2 measured with TcPO 2 electrodes [8] . Later, clinicians used this phenomenon to estimate the degree of local perfusion deficit by measuring the level of skin PO 2 reached after enhancing local blood flow by topical heating [9] [10] . However, many factors can affect the TcPO 2 measurements, including local edema [11] , anatomical localization [8] , thickness of the epidermal stratum corneum [12] [13] , and leg dependency [14] .
Several studies have evaluated the usefulness of laser Doppler flowmetry with fiber-optic contact probes for assessing amputation level and wound healing [15] . When used with topical heating that maximizes local blood flow, laser Doppler flowmetry detects a blood flow deficit in subjects with severe PVD [16] [17] and correlates more highly with clinical PVD severity than TcPO 2 or ankle Doppler pressure [15] . However, laser Doppler flowmetry with fiber-optic contact probes can only monitor small fixed areas of tissue. Because of the large variability between adjacent portions of skin, this limitation may affect its accuracy in mapping regional blood perfusion deficits. In laser Doppler imaging (LDI), a computercontrolled mirror projects a laser light onto the skin in a raster pattern. A portion of the back-scattered laser light is detected and the product of red cell velocity (calculated from the Doppler shift of the back-scattered light) and number of reflections is referred to as "flux" and used as a reliable index of tissue blood perfusion [18] . Thus, LDI is not limited to a single point and can scan large areas of skin, without direct contact, in a relatively short time [19] .
The spatial and temporal reproducibility of LDI has been found to be higher than the single-probe laser Doppler method [20] . Kubli et al. have reported coefficients of variation for LDI between 10 and 20 percent in response to iontophoretic drug administration [21] , which indicates good day-to-day reproducibility. Therefore, LDI is potentially useful for the regional assessment of skin blood flow in PVD studies. However, normal perfusion values for this technique have not yet been established in the lower limbs and a systematic comparison with TcPO 2 has not been described.
This study compares the accuracy of LDI and Tc gases in identifying ischemia in the legs of patients with severe PVD. In connection with this goal, the most clinically significant hypotheses were (1) LDI flux and Tc gases would differ significantly between the ischemic and control groups and (2) both methodologies would detect a proximal-to-distal decreasing gradient of perfusion in legs of subjects in the ischemic group and thus help determine the correct level for an amputation. Other questions were related to the degree of correlation between LDI and Tc gas measurements, their relative sensitivity and specificity, and the possible differences between LDI measurements with red and near-infrared (NIR) lasers.
METHODS

Subjects
We recruited 31 adult males from a convenience sample of patients for whom a transtibial amputation was imminent or scheduled because of lower-limb ischemia. In addition, 29 adult male nonischemic control subjects who were matched for age to the ischemic patients were also recruited.
Inclusion and Exclusion Criteria for Ischemic Patients
Adult patients who were identified as prospective candidates for unilateral transtibial amputation were recruited for the study if they met the following inclusion criteria: medically stable, without contractures of the lower limbs, able to perform a sit-to-stand transfer, and ambulatory within the previous 6 months. Exclusion criteria included dementia (Mini-Mental State Examination score <24) or inability to give informed consent, severe congestive heart failure, severe chronic obstructive pulmonary disease, terminal cancer with <6 months survival time, and severe limb weakness or ischemic pain preventing leg exercise. Patients were recruited from outpatient and inpatient programs of the Department of Veterans Affairs (VA) Greater Los Angeles Healthcare System (VAGLAHS).
Exclusion Criteria for Control Subjects
Exclusion criteria for control subjects were diabetes mellitus, hypertension, history of foot pain while at rest or leg pain during ambulation or exercise, lower-limb bypass surgery, absence of anterior or posterior tibial pulses, abnormal skin pressure/skin refill test (>2 s), smoking or drug use within the previous 6 months, dementia, and inability to plantar flex or dorsiflex ankles.
The VAGLAHS Institutional Review Board approved the study, and written informed consent was obtained from each subject before participation in this study.
Instrumentation and Procedures
Measurement of TcPO 2 and TcPCO 2
Five Tc gas monitors (model 860, Novametrix Medical Systems, Inc; Wallingford, Connecticut) equipped with combination TcPO 2 and Tc partial pressure of carbon dioxide (TcPCO 2 ) probes with a heating element were used. The probes were 19 mm in diameter and were applied to the skin (previously shaved and cleaned with alcohol) with a 7 mm-wide adhesive tape, concentric and external to the probe border. Three probes were positioned on an imaginary line joining the fibular head and lateral malleolus at one-third (lateral proximal), one-half (lateral middle), and two-thirds (lateral distal) of the distance between those structures. Two other probes were positioned on a line lateral to the tibial crest and over the anterior surface of the tibialis anterior muscle at one-third (anterior proximal) and one-half (anterior middle) of the same distance (fibular head to the lateral malleolus). During the measurements, subjects were in the supine position. Measurements were recorded every 2 minutes until a steady state level of TcPO 2 (no variation in TcPO 2 values over two consecutive measurements) was obtained.
Measurement of Tissue Perfusion with LDI Scanning
We performed LDI scans of the anterior and lateral leg surface, including the indicated TcPO 2 and TcPCO 2 probe locations, with the probes in place and immediately following their removal using a Moor Laser Doppler Imager (Moor Instruments, Ltd; Devon, England) fitted with red (633 nm wavelength) and NIR (830 nm wavelength) laser beams. Each scan yielded two coregistered images: (1) a two-dimensional color-coded map of perfusion and (2) a black-and-white light-intensity image showing the location of the probes with heating elements. Polygonal regions of interest (ROIs) (greatest diameter = 10 mm) corresponding to the position of the heating elements were drawn within the outline of these probe images. We coregistered these ROIs to the perfusion image and used them to calculate the mean, standard deviation (SD), minimum, maximum, and median of all the picture elements composing the ROI image of each heated area. The ROIs were then displaced to three locations adjacent to the heated area to obtain the statistics of the nonheated areas. Initial skin temperatures (before probe was applied) and final skin temperatures (immediately after probe removal) were measured at each site with a handheld infrared thermometer.
Data Analysis
After equilibration, we recorded the final TcPO 2 and TcPCO 2 and calculated the group mean and standard error of the mean (SEM) for each subject group and skin site (heated and nonheated). In the case of LDI, we obtained the mean, SD, minimum, maximum, and median of all individual flux values within each ROI and then calculated mean and SEM of these variables for each group and site. Flux ratios were calculated as the mean flux in every heated ROI divided by the mean flux in the three adjacent nonheated ROIs.
We used factorial analyses of variance (ANOVAs) to determine main effects and interactions for skin site (lateral proximal, lateral middle, lateral distal, anterior proximal, and anterior middle), laser (red or NIR), and condition (ischemic or control). We then used TukeyKramer post hoc tests to determine differences among the five skin sites. A probability of 0.05 was used to determine statistical significance. This analysis was performed for all the variables just defined (mean, SD, minimum, maximum, and median of all individual flux values within the ROIs).
We performed linear regression analyses of TcPO 2 between LDI flux and LDI heated and nonheated area ratios on pooled data from all skin sites of each subject group (ischemic or control) separately. We performed all statistical calculations just mentioned using the Number Cruncher Statistical System (NCSS) software (NCSS Inc; Kaysville, Utah).
Receiver operating characteristic (ROC) curves are used to compare the performance of a diagnostic test with a "gold standard" in detecting the presence of a given condition. When the diagnostic test is a continuous variable, the comparisons between test and standard are performed at various test cutoff values. "Sensitivity" is the ratio of those cases that the test correctly identifies as having the condition (true positives) over the total number of cases with the condition. "Specificity" is the ratio of those cases that the test correctly identifies as not having the condition (true negatives) over the total number of cases without the condition [22] . Obviously, both variables can range from 0 to 1. In the present application, the condition is "ischemia" and the gold standard is the physical examination and clinical judgment of the surgeon who identified the prospective subject as a candidate for a transtibial amputation. In other words, in this context, ROC curves evaluate how close the proposed test results (LDI, TcPO 2 , or TcPCO 2 ) are to the gold standard (physical examination and clinical judgment) in identifying ischemia. As sensitivity increases, specificity decreases. When sensitivity and specificity are plotted over a range of cutoff values, the optimal cutoff value of the proposed test can be found by a compromise between sensitivity and specificity. Many factors are considered in making such a decision. In this particular diagnostic situation, where an important consideration is to avoid diagnosing ischemia when no such condition exists, keeping specificity of the test at a high level is desirable.
In addition, ROC analyses (Rockit 0.9Beta by Charles E. Metz; Department of Radiology, University of Chicago, Chicago, Illinois) were performed for TcPO 2 and LDI data. We determined sensitivity and specificity of both techniques in detecting areas judged to lack healing potential by preamputation clinical criteria.
RESULTS
The ages of the ischemic and control subjects were not significantly different (Table 1) , ruling out age as a source of variation in the results reported. Initial and final skin temperatures at test sites did not show differences among sites or between groups. In contrast, the time required to achieve a steady state of TcPO 2 , as defined in the "Methods" section, was longer in the ischemic subjects than in control subjects ( Table 1) . In this case, ANOVA indicated significance for the group factor (ischemic or control) but not for the site factor. The lack of significant interaction between the two factors indicated that the difference in heating time between the populations was uniform across sites.
Laser Doppler Imaging
Initially, ANOVAs were performed for the LDI variables mean, SD, minimum, maximum, and median flux within ROIs of heated and nonheated areas, including site (five leg sites: lateral proximal, lateral middle, lateral distal, anterior proximal, and anterior middle), group (ischemic or control), and laser (red or NIR) factors. These analyses indicated statistical significance for the laser factor in the case of many variables in heated and nonheated areas. Thus, separate ANOVAs for all variables and the site and group factors were performed for each laser wavelength. The results are summarized in Figure 1 and Tables 2-4. In the case of red laser, statistically significant ANOVA F-ratios for the group factor were found for all the variables in heated areas as well as the ratio of heated/nonheated areas, but none for the variables in the nonheated areas. The site factor ANOVA Fratios were not statistically significant for any of the variables. Similar results were obtained for the group factor with the NIR laser, although significance was found for the variable heated/nonheated ratio for the site factor ( Table 3) . In this case, Tukey-Kramer tests indicated that anterior sites had lower ratios than the lateral proximal site.
Comparisons Between Red and Near-Infrared Lasers
We tested the significance of differences between flux measured with the red or NIR lasers using ANOVA for each subject group (ischemic and control) separately with Table 1 . Mean ± standard error of mean of ischemic (n = 31) and control (n = 29) subjects' ages, time to reach steady state of transcutaneous partial pressure of oxygen (heating time), and skin temperature before (initial temperature) and after (final temperature) probe removal. site and laser-type factors ( Table 4 ). The results indicated that the mean ROI flux values from the NIR laser were smaller than with the red laser (Figure 1 ), although this trend was only statistically significant for the data of nonheated areas for LDI variables ( Table 4 ). The variability (SD) of flux within the ROIs was significantly smaller with the NIR laser for both subject groups in the heated areas, but only for control group in the nonheated areas (Tables 2-3) . Maximum values within ROIs were significantly lower for the NIR laser in heated and nonheated areas for both groups. Ratios calculated from NIR laser data were higher than those from the red laser, but only for the control group (Figure 1 and Table 4 ).
Regarding differences in laser measurements depending on site, none of the ANOVA F-ratios for this factor was statistically significant in the ischemic group ( Table 4) . On the other hand, significant ANOVA F-ratios were found in nonheated areas of the control group for the following variables with significant differences between sites indicated between parentheses: ROI mean (anterior proximal > lateral distal), ROI median (anterior proximal and middle > lateral distal), ROI minimum (anterior proximal and middle > lateral proximal, middle, and distal), heated/nonheated ratio (lateral proximal, middle and distal > anterior middle; lateral proximal > anterior proximal).
TcPO 2 and TcPCO 2
Data on Tc gases obtained after equilibration are summarized in Figure 2 . In the case of TcPO 2 , ANOVA indicated significance for the group factor (F = 52.02, p < 10 -6 ) with ischemic subjects significantly lower than normal controls (Tukey-Kramer test, p < 0.05). Marginal significance was found for the site factor (F = 2.44, p = 4.7 × 10 -2 ), although in this instance, multiple comparisons did not reach statistical significance between any pairs among the five sites. The interaction factor between sites and groups was not significant (F = 0.82, p = 0.52), which indicates that the difference between groups was uniform across sites. TcPCO 2 values did not show differences between sites or groups (site factor F = 1.02, p = 0.39; group factor F = 0.70, p = 0.40).
Correlations Between LDI and TcPO 2
Linear regression analyses revealed a lack of correlation (r 2 ) between TcPO 2 and LDI flux of heated areas in the control group subjects and a statistically significant but weak correlation in ischemic group subjects. The correlations between LDI and TcPO 2 improved for the heated/nonheated areas ratio, but they remained at low r 2 values ( Table 5) .
ROC Analysis
We completed the ROC analysis to evaluate specificity and sensitivity of all variables. This analysis indicated a lack of positive or negative predictive value for fluxrelated variables of nonheated areas or TcPCO 2 , but significant predictive values for flux-related variables of heated areas (measured with either laser type) and TcPO 2 . The NIR laser flux-related variables for which the areas under the ROC curves were significantly different from 0.5 (chance or complete lack of predictive value) are listed in Table 6 , Although LDI flux ratio showed a greater area under the ROC curve than TcPO 2 , the difference was not statistically significant (correlated two-tailed p-value = 0.17). However, contrasts between the true positive fraction (sensitivity) values for the two methods at specificities of 0.9 or better (abscissa in ROC plots ≤0.1, Figure 3(a) ) indicated significantly higher sensitivity for flux ratio at p < 0.05. The sensitivity and specificity of NIR laser flux ratio and TcPO 2 for different cutoff values are shown in Figure 3 . This figure indicates that at a cutoff value of 5, the NIR LDI flux ratio maintains better than 0.9 specificity at a still acceptable level of >0.7 sensitivity (Figure 3(b) ). In contrast, at the same level of specificity, sensitivity for TcPO 2 was only 0.4, with a 30 mmHg cutoff value (Figure 3(c) ).
Perfusion Gradient Within Leg
The hypothesis that leg skin perfusion decreased from proximal to distal sites was tested in the ischemic group with LDI and TcPO 2 . To decrease the variance among subjects while preserving the differences among sites within subjects, we normalized LDI flux of heated areas and TcPO 2 from lateral middle and distal sites by dividing by the lateral proximal site values in each subject. A significant proximal-to-distal gradient was detected with the red and NIR normalized flux (Figure 4) . ANOVA indicated significance for the red laser LDI flux (F = 4.55, p = 0.01) and the NIR laser LDI flux (F = 5.99, p = 0.004), and multiple comparisons (Tukey-Kramer test) showed that the distal LDI flux was significantly lower than middle and proximal sites with the red laser Mean (bars) ± standard error of mean (error bars) of (a) transcutaneous partial pressure of oxygen (TcPO 2 ) and (b) transcutaneous partial pressure of carbon dioxide (TcPCO 2 ) in control subjects (crosshatched bars) and ischemic subjects (solid bars). For TcPO 2 , analysis of variance indicated that ischemic subjects were significantly lower than control subjects (F = 52.02, p < 0.001) and that this phenomena was uniform across sites (interaction factor between sites and groups not significant). No significant difference was found for TcPCO 2 between groups. (86.5% of proximal) and NIR laser (81.5% of proximal).
No significance was found for TcPO 2 normalized values (F = 1.29, p = 0.28).
DISCUSSION
We specifically designed this study to assess LDI as a technology for evaluating PVD and to compare its accuracy with that of TcPO 2 . Although TcPO 2 has been extensively used over the years to estimate viability of ischemic tissue, it is a technique that assesses skin perfusion only indirectly and is prone to complications from limited oxygen diffusion because of local edema and skin thickness [11] [12] [13] . Edema is prevalent in PVD complicated by infection, and skin thickness severely limits the usefulness of TcPO 2 in the plantar surface of the foot.
We tested LDI and TcPO 2 on the same subjects and skin sites by using the local heating required to determine TcPO 2 and by measuring the LDI flux within the area over which the TcPO 2 was averaged. This design characteristic is particularly valuable for assessing the validity of the correlation study between both methods. TcPO 2 and laser Doppler flowmetry measurements of different areas within the same general regions have been previously compared [23] [24] . One advantage of LDI over single-contact laser Doppler measurements is the ability to study the local variability of flux within the heated area at two depths within the skin: a superficial region with the red laser and an aggregate of superficial and deeper portions of the skin with the NIR laser [18] . The relative merits of the two types of lasers in evaluating ischemic skin have not been studied before. In addition, we matched the age of the two subject groups (ischemic and control) by design to avoid possible differences due to this variable, although the effect of age on laser Doppler skin perfusion measurements appears to be weak at best [25] [26] .
The distribution of the regions studied was designed to provide clinically useful information of a possible proximal-to-distal decreasing perfusion gradient that could help decide the suitability of a transtibial amputation. In this sense, our data indicate that only the LDI flux ratio could detect such a gradient in the patients studied who were deemed candidates for transtibial amputation based on the presence of the following signs and symptoms:
• Severely impaired walking ability.
• Pain at rest, exacerbated by elevation of the limb.
• Edema or cellulitis.
• Atrophy of the calf muscles.
• Trophic changes and extremely pale or cyanotic skin with decreased local temperature.
• Absence of pedal pulses.
• Nonhealing ischemic ulcers, osteomyelitis refractory to treatment, nonhealing foot amputation, or gangrene.
Comparison of the average values of TcPO 2 obtained in the control group in the present study with those previously reported in the literature for groups of comparable age at leg sites generally agrees with the average values of the three lateral sites (proximal, middle, and distal) in our study (mean = 51.4, 95% confidence interval = 48. 4 [29] . The values in these studies are somewhat higher than ours, probably because of differences in the amount of time the probes were left in place before they [29] . In our case, we waited until the decreasing trend of TcPO 2 reached a steady state (unchanged values over 4 minutes)-an average 28.9 minutes with a range of 9 to 49 minutes for the control group. Unfortunately, most of the studies of Tc gases reviewed failed to either specify the criterion for taking a measurement (time or steady-state) or provide a consistent procedure. Theoretically, a steady state should be observed before taking the measurement [8] , and in our experience, the time to steady state may differ appreciably between individuals. The time to reach a steady state in ischemic subjects is certainly longer than in nonischemic control subjects. Thus, a fixed time interval for routine measurement of TcPO 2 is not advisable. In a study of younger subjects (mean age 45 years), mean values ranging from 69 to 74 mmHg TcPO 2 were reported at leg sites 10 cm below the knee [30] . In this case, age may explain the higher values since it has been found to negatively correlate with TcPO 2 [31] . The same finding may apply to other studies of younger populations [32] [33] . The ROC data indicated that although the accuracy of TcPO 2 and LDI flux ratio at discriminating between the two subject groups did not statistically differ over the full range of specificity values (estimated by the area under the curve of the ROC plot) at the high specificity (≥0.9) range, LDI flux ratio was significantly more sensitive that TcPO 2 . This is clinically significant because assurance of specificity (the ability to identify absence of critical ischemia when it does not exist) is an important characteristic of a method in the decision to amputate a limb.
Although these methods must have the capability to discriminate between the nonischemic and ischemic populations without any other information, an ancillary question is whether they can detect differences between distal leg sites, which can be expected to have worse perfusion than proximal leg sites in these ischemic subjects. The results indicated that the NIR laser ratio was superior than TcPO 2 in this respect.
The lack of correlation between TcPO 2 and LDI flux in normal control subjects is not surprising. Theoretical modeling of oxygen diffusion through the skin has indicated that within a wide range of high perfusion values, PO 2 at the site of detection (skin surface) approximates PO 2 at the source (blood vessels). However, as the local blood flow parameter decreases in value in the model, the PO 2 at the electrode-covered skin surface decreases relative to the source [8] . Steinacker et al. has demonstrated this phenomenon through experiments [34] . Conceivably, the levels of local blood flow in nonischemic subjects are within the range where little effect of perfusion on probe PO 2 can be expected. In other words, local blood flow may not be the limiting factor for skin surface PO 2 under the probe in normal skin, but it may be so in ischemic skin. Thus, TcPO 2 may be considered an index of skin perfusion only in conditions of reduced blood flow.
TcPCO 2 proved to be insensitive to changes in local perfusion and of no value at discriminating between the two subject groups. The greater diffusivity of CO 2 could be invoked as a possible cause for a better agreement between blood and skin surface PCO 2 than PO 2 at the measuring probes.
The differences observed between laser types have important implications. At all sites and in both subject groups, the NIR laser showed considerably less variability than the red laser. Several factors may have caused the greater variability and maximum values observed with the red laser. The NIR laser appears to detect events at greater depths within the skin [18] and perhaps even in the subdermal region, where perfusion could be more homogeneous than in more superficial layers with abundance of sweat glands, one of the main determinants of skin blood flow responses. On the other hand, shifts in reflected light frequency due to optical characteristics at the skin surface could have a greater contribution in the case of red light. Whatever the reason, the NIR laser appears to have an advantage over the red laser for estimating skin perfusion.
CONCLUSIONS
This study has determined that the average, SD, maximum, minimum, and median values of LDI flux within heated skin areas are decreased in all leg sites tested in ischemic subjects when compared with nonischemic agematched control subjects. In contrast, the flux of nonheated areas failed to discriminate between the two subject groups. Similar results were obtained with NIR and red laser flux measurements, but NIR laser measurements of flux may have an advantage over red laser measurements since they detect less variability (lower SD) within heated areas in both subject groups.
The flux ratio of the heated to nonheated areas showed better sensitivity than TcPO 2 when specificity was 90 percent or higher. Only flux of heated areas could identify a proximal to a distal gradient of skin perfusion present in ischemic legs.
